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Abstract 

A free-piston Stirling engine performance 
code is being upgraded and validated at the NASA 
Lewis Research Center under an interagency agree- 
ment between the Department of Energy's Oak Ridge 
National Laboratory and NASA Lewis. Many modi- 
fications have been made to the free-piston code 
in an attempt to decrease the calibration effort. 
A procedure was developed that made the code cali- 
brat ion process more systematic. Engine-spec if ic 
calibration parameters are often used to bring 
predictions and experimental data into better 
agreement. 
six experimental data points. 
calibrated free-piston code are compared with 
RE-1000 free-piston Stirling engine sensitivity 
test data taken at NASA Lewis. 
ment was obtained between the code predictions 
and the experimental data over a wide range of 
engine operating conditions. 

", 
L: 

The code was calibrated to a matrix of 
Predictions of the 

Reasonable agree- 

Executive Summary 

A free-piston Stirling engine performance 
code is being upgraded and validated at NASA Lewis 
under an interagency agreement between the Depart- 
ment of Energy's Oak Ridge National Laboratory and 
NASA Lewis. Many modifications have been made to 
the free-piston code in an attempt to decrease the 
calibration effort required. 
have been made to the code: (1) heat-transfer and 
friction-factor correlations for the cooler and 
the regenerator were modified; (2) gas leak path 
model for the power piston was modified; ( 3 )  dis- 
placer appendix gap pumping loss equation was 
added; (4) option was added to separate the con- 
necting ducts into their own control volumes; and 
( 5 )  option was added to run the code with the dis- 
placer gas spring representea by either a control 
volume or a spring constant and damping factor. 

After all the changes were made to the code, 
a process was developed that logically arrived at 
the best set of engine-specific calibration param- 
eters. Engine-specific calibration parameters 
based on engine test data were used to bring pre- 
dictions and experimental data into better agree- 
ment. These parameters were defined as the set of 
multiplication factors and coefficients required 
to adjust predicted pressure drops, heat transfer, 
and gas flow rates so that the code predictions 
could better agree with a specific engine's test 
data. The code was calibrated to a matrix of six 
experimental data points. Predictions of the cali- 
brated code were compared with RE-1000 free-piston 
Stirling engine experimental data. Measured and 
predicted data that were compared include indi- 
cated power, indicated efficiency, compression space 
pressure amplitude, displacer stroke, piston- 
displacer phase angle, piston-compression space 
pressure phase angle, frequency, and expansion and 
compression space gas temperatures. 
isons agreed within the error bands of the test 
data. 

The following changes 

Most compar- 

The predicted indicated power and efficiency 

agreed within *3 to ill percent of the actual 
test data. 

More information is needed in the areas of 
oscillating flow heat transfer and pressure drop, 
leakage and centering port flow, and gas spring 
hysteresis loss. The ultimate goal is to have a 
code that does not require any engine-specif ic 
calibration parameters. Although the predictions 
of the code agreed fairly well with the RE-1000 
test data, it is an engine-specific code. Before 
the code could be used to simulate a different 
free-piston engine with a large degree of confid- 
ence, the code would need to be calibrated for 
that particular engine. 

Nomenclature 

cro s sectional area of displacer, in.2 Ad (cm 3 -  ) 

Adr cro s se tional area of displacer rod, 
in.$ iJ) 

AP 

C 

cd s 

D 

Dh 
F 

FB 

Fd 

FS 

H 

h 

Kd s 

Kdsal 

effective area for heat ransfer on water 
side of cooler, in.2 (cm 8 ) 
cro s se tional area of power piston, 
in.3 icm5) 

conversion factor 

damping factor of displacer gas spring, 
1 bf-s/i n. (N-slcm) 

displacer diameter, in. (cm) 

hydraulic diameter, in. (cm) 

Fanning friction factor 

body force on displacer, lbf (N) 

net force acting on displacer, lbf (N) 

displacer gas spring force, lbf (N) 

heat-transf er coef f ic i en 
(W/m*-'C) or in.-lbf/in.k-*R (W/cm*-"C) 

radial clearance between displacer and 
displacer cylinder, in. (cm) 

spring constant of displacer gas spring, 
lbflin. (N/cm) 

displacer gas spring adiabatic spring 
constant limit, lbflin. (Nlcm) 

thermal conductivity of gas in appendix 
gap, Btu/in.-s- R (W/cm- C) 

thermal co!ductivity of aluminum, 
Btu/in.-s- R (W/cm- C) 

Btu/f t2-s-'R 
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k r 

ks s 

k W 

L 

Md 

A P  

PB 

PC 

Pc a 

PD 

'd 

PE 

P r  

P 

Qout 

QPumP 

Re 

RH20 

r i 

A T  

TH20 

Th 

T1 

T W 

Twol d 

thermal c o n d u c t i v i t y  o fogas  i n  regenerator ,  
in.-1bfl in.-s- R (Wlcm- C )  

thermal c o n d u c t i v i t y  8 f  s t a i n l s s s  s t e e l  
d i sp lace r ,  Btu/in.-s- R (Wlcm- C )  

thermcl c o n d u c t i v i t y  o f  water, Btulf t-s- 'R 
(Wlm- C) 

l e n g t h  o f  cooler  tubes, i n .  (cm) 

mass o f  d isp lacer ,  s lugs (kg)  

range o f  expansion space pressure, p s i  
( Nlcm2) 

mean bounce space pressure, p s i  (N/cm2) 

mean 5ompression space pressure, p s i  
(N/cm 1 
compr ss ion  space pressure amplitude, p s i  
(N/cm 5 
mean d i s p l a c e r  gas sp r ing  pressure, p s i  
(N/cm*) 

instantaneous d i s p l  cer  gas s p r i n g  

mean expansion space pressure, p s i  
(N/cm2) 

P r a n d t l  number 

regenerator  po ros i t y  

heat r e j e c t e d  from coo le r  pe r  engine 
c yc 1 e, i n . -1 bf /c yc 1 e ( cm-N I c yc 1 e) 

appendix gap gas enthalpy t r a n s f e r  ( o r  
pumping l o s s ) ,  i n . - l b f / s  (cm-N/s) 

thermal res is tance f o r  cgnduct ivg hea t  
t r a n s f e r  i n  aluminum, s- R lB tu  ( C l W )  

Reynolds number 

thermal res is tance f o r  convec t i ve  heat 
t r a n s f e r  between water and c o o l e r  wa l l ,  
s-'R/Btu ('ClW) 

e f f e c t i v e  rad ius o f  gas s i d e  o f  cooler ,  
i n .  (cm) 

e f f e c t i v e  rad ius o f  water s i d e  o f  cooler ,  
i n .  (cm) 

temperature d i f f e r e n t i a l ,  O R  ("C) 

c o o l i n g  water i n l e t  temperature, O R  ( " c )  

maximum temper$ture o f  gas e n t e r i n g  t h e  
appendix gap, R ( " C )  

minimum temper i turg o f  gas e n t e r i n g  t h e  
appendix gap, R ( C) 

temperature o f  the c o o l e r  wa l l ,  O R  ( ' C )  

temperature o f  t be  c o o l e r  w a l l  d u r i n g  t h e  
p rev ious  cycle, R ('C) 

pressure, p s i  (Nlcm h ) 

vdo mea3 d i s p l a c e r  gas s p r i n g  volume, i n . 3  
(cm 1 
ampl i tude o f  t h e  p i s t o n  v e l o c i t y ,  i n . / s  
(cmls)  

xd ampl i tude o f  d i s p l a c e r  s t roke,  i n .  (cm) 

Xd instantaneous p o s i t i o n  o f  d i sp lace r ,  i n .  

;d 

VP 

( 4  

instantaneous v e l o c i t y  o f  d i sp lace r ,  i n . / s  
(cmls)  

i n s t  ntane us a c c e l e r a t i o n  o f  d isp lacer ,  
f t l s  (m/s ) 

ampl i tude o f  p i s t o n  s t roke,  i n .  (cm) 

instantaneous p o s i t i o n  o f  p i s ton ,  i n .  (cm) 

(cm2/s) 

9 9  it'd 

xP 

xP 

a thermal d i f f u s i v i t y  o f  d i sp lace r ,  

Y s p e c i f i c  heat  r a t i o ,  C p / C v  

e phase angle between t h e  power p i s t o n  and 
the  compression space pressure wave, deg 

phase angle between t h e  d i s p l a c e r  and t h e  
expansion space pressure wave, deg 

phase angle between t h e  compression space 
pressure wave and t h e  p i s t o n  v e l o c i t y ,  deg 
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* 
w engine frequency, Hz 

I n t r o d u c t i o n  

A k inemat i c  S t i r l i n g  enqine performance code 
w r i t t e n  a t  NASA Lewis1 was mod i f i ed  i n  t h e  areas 
o f  engine thermodynamics, p i s t o n / d i s p l a c e r  dynam- 
i c s ,  and engine gener ic  geometry t o  p r e d i c t  t e 

Mechanical Technology, Inc., (MTI) mod i f i ed  t h e  
k inemat ic  code i n  1980 under c o n t r a c t  w i t h  NASA 
Lewis. 
t i n u e d  a t  NASA under an in teragency agreement 
between NASA Lewis and t h e  Department o f  Energy's 
Oak Ridge Na t iona l  Laboratory  (ORNL). Under t h i s  
agreement, t h e  RE-1000 f r e e - p i s t o n  S t i r l i n g  engine 
has been modeled and tested.  

performance o f  a f ree -p i s ton  S t i r l i n g  engine. 2 

Development o f  t h e  f ree -p i s ton  code con- 

The RE-1000 was designed and b u i l t  by Sun- 
power Inc., o f  Athens, Ohio. I t  was designed as a 
research t o o l  and was obta ined i n  1979 f o r  t e s t i n g  
as p a r t  o f  t h e  NASA S t i r l i n g  engine technology 
program a t  Lewis. The RE-1000 i s  an e l e c t r i c a l l y  
heated s ing le -cy l i nde r  engine w i t h  a dashpot load. 
A cutaway view o f  t h e  engine i s  shown i n  F ig .  1. 
The engine was t e s t e d  over a wide range o f  heater- 
t ube  outs ide-wal l  temperatures, mean working-space 
pressures, cool ing-water  i n l e t  temperatures, p i s -  
t o n  s t rokes,  and working f l u i d s .  I n  add i t i on ,  
t e s t s  were conducted w i t h  d i f f e r e n t  engine c o n f i g -  
u ra t i ons .  These d i f f e r e n t  c o n f i g u r a t i o n s  inc luded 
two d i f f e r e n t  regenerators, two d i sp lace rs ,  and 
two p i s tons .  When t h e  engine was purchased, i t  
was b u i l t  w i t h  a regenerator  and a d i s p l a c e r  t h a t  
a re  r e f e r r e d  t o  as regenerator  1 and d i s p l a c e r  1. 
These p a r t s  were opt imized w i t h i n  a s e t  o f  des ign 
c o n s t r a i n t s  t o  achieve h igh  engine e f f i c i e n c y .  
a l a t e r  t i m e  i n  t h e  t e s t i n g  o f  t h e  RE-1000, NASA 
Lewis purchased a regenerator  and d i s p l a c e r  f rom 

A t  
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Sunpower t h a t  were opt imized f o r  high-power output 
w i t h  a l l  o t h e r  parameters o f  t h e  engine he ld  con- 
s tan t .  These high-power p a r t s  are r e f e r r e d  t o  as 
regenera to r  2 and d i s p l a c e r  2. For t h i s  r e p o r t  
t h e  h i g h  e f f i c i e n c y  engine c o n f i g u r a t i o n  was chosen 
and t h e  code was c a l i b r a t e d .  Comparisons were 
made between p r e d i c t e d  and mea ured da ta  over  a 
range o f  ope ra t i ng  condi t ions.S Regenerator 1 
had a p o r o s i t y  of 75.9 percent  w h i l e  d i s p l a c e r  1 
was desiqned t o  operate wi th  a phase angle of 
about 45 w i t h  respect  t o  t h e  power p i s ton .  The 
ac tua l  phase angle a t  engine design c o n d i t i o n s  
was h ighe r  than t h e  design phase angle, probably  
due t o  a s l i g h t l y  h ighe r  d i s p l a c e r  damping than  
assumed d u r i n g  t h e  design process. The standard 
p i s t o n  mass gave t h e  engine a resonant frequency 
o f  about 30 Hz. 

T h i s  r e p o r t  describes t h e  m o d i f i c a t i o n s  made 
t o  t h e  code s ince  t h e  v a l i d a t ' o n  e f f o r t  was car-  
r i e d  ou t  as descr ibed by Tew.4 I n  add i t i on ,  
t h e  approach used t o  c a l i b r a t e  t h e  code i s  pre- 
sented. F i n a l l y ,  t h e  code p r e d i c t i o n s  a re  com- 
pared w i t h  experimental da ta  f o r  t h e  RE-1000 
f r ee -p i s ton  S t i r l i n g  engine. 

Code M o d i f i c a t i o n s  

The f r e e - p i s t o n  S t i r l i n g  engine code i n  i t s  
prev ious fo rm cou ld  p r e d i c t  t rends  i n  engine per- 
formance. P red ic ted  power and e f f i c i e n c y  were i n  
reasonably good agreement w i t h  t e s t  d a t a  w i t h i n  
t h e  +lo t o  *15 percent  range. 
improve t h e  code p red ic t i ons ,  many m o d i f i c a t i o n s  
were made. These m o d i f i c a t i o n s  are descr ibed i n  
d e t a i l  i n  t h e  f o l l o w i n g  paragraphs. 

The f i r s t  m o d i f i c a t i o n  i nvo l ved  t h e  coo le r  
model. 
c a l  aluminum heat  exchanger which c o n s i s t s  o f  135 
rec tangu la r  gas passages and 80 c i r c u l a r  water 
passages. The c o o l e r  i s  b o t h  a p a r a l l e l  and 
coun te r f l ow  t y p e  o f  heat exchanger depending on 
t h e  instantaneous d i r e c t i o n  o f  t h e  o s c i l l a t i n g  
working space gas. A l l  t h e  passages r u n  i n  an 
a x i a l  d i r e c t i o n .  The gas passages a re  l oca ted  
near t h e  i n n e r  r a d i u s  o f  t h e  c y l i n d e r  w h i l e  t h e  
water passages are l oca ted  near t h e  o u t e r  r a d i u s  
of t h e  c y l i n d e r  as shown i n  F i g .  2. Prev ious ly ,  
t h e  gas s i d e  o f  t h e  c o o l e r  was modeled us ing  c i r -  
c u l a r  tube hea t - t rans fe r  and f r i c t i o n - f a c t o r  
c o r r e l  a t  i ons. 

I n  an e f f o r t  t o  

F o r  t h e  RE-1000, t h e  c o o l e r  i s  a c y l i n d r i -  

S ince t h e  RE-1000's c o o l e r  passages have 
rec tangu la r  cross sections, rec tangu la r  tube heat- 
t r a n s f e r  and f r i c t i o n - f a c t o r  c o r r e l a t i o n s  were 
s u b s t i t u t e d  f o r  t h e  c i r c u l a r  tube c o r r e l a t i o n s .  
Both t h e  hea t - t rans fe r  and t h e  f r i c t i o n - f a c t o r  
c o r r e l a t i o n s  assume f u l l y  developed, s t  ady f l o w  
and were obta ined f rom Kays and London.t The 
rec tangu la r  passage hea t - t rans fe r  c o r r e l a t i o n  i s  
i n  t a b u l a r  form f o r  a range o f  Reynolds numbers 
from 0 t o  30 000. The method o f  l i n e a r  i n t e r -  
p o l a t i o n  i s  used f o r  Reynolds numbers t h a t  f a l l  
between t h e  t a b l e  values. The f r i c t i o n  f a c t o r  
c o r r e l a t i o n s  f o r  t h e  gas s i d e  o f  t h e  c o o l e r  a r e  

F = -  Re 5 1500 
Re 

F = F  Re 2 20 000 

F =  0'079 1500 < Re < 20 000 Re0.25 

The f r i c t i o n - f a c t o r  equat ion f o r  laminar  f l o w  
(i.e., Re < 1500) i s  f o r  t h e  RE-1000's rec tangu la r  
c o o l e r  passages which have an aspect r a t i o  of 0.135. 
Th is  equat ion must be rev i sed  i f  any changes a r e  
made t o  t h e  dimensions o f  t h e  c o o l e r  gas passages. 
The te rm aspect r a t i o  i s  de f i ned  as 

aspect r a t i o  = b / a  b o  
a 

The f r i c t i o n - f a c t o r  equat ions f o r  t u r b u l e n t  f l o w  
a re  v a l i d  f o r  any rec tangu la r  passages. 

water  s i d e  o f  t h e  coo le r .  T h i s  c o r r e l a t i o n  e l im-  
i na ted  t h e  need t o  guess t h e  i n i t i a l  temperature 
o f  t h e  c o o l e r  w a l l  as was done p rev ious l y .  The 
cool ing-water i n l e t  temperature and f l o w  ra te ,  
which can be accu ra te l y  measured, a re  now used as 
inputs .  The hea t - t rans fe r  c o r r e l a t i o n  f o r  t h e  
water s i d e  o f  t h e  c o o l e r  i s  

H =L[ 3.66 + 

where C = 12 i n . / f t  o r  100 cmlm. Th is  c o r r e l a t i o n  
assumes f u l l y  developed lam'nar f l o w  i n  tubes w i t h  
constant  w a l l  temperatures. The hea t - t rans fe r  
c o e f f i c i e n t  c a l c u l a t e d  f rom t h i s  equat ion i s  t hen  
used i n  t h e  c a l c u l a t i o n  o f  t h e  thermal r e s i s t a n c e  
o f  t h e  water  s i d e  o f  t h e  coo le r  as shown below. 
Also, t h e  thermal res i s tance  o f  t h e  aluminum sep- 
a r a t i n g  t h e  water and t h e  gas i s  c a l c u l a t e d  assum- 
i n g  an e f f e c t i v e  th ickness o f  m a t e r i a l  as shown 
below. The e f f e c t i v e  area and t h e  e f f e c t i v e  t h i c k -  
ness used i n  t h e  thermal res i s tance  equations a r e  
c a l c u l a t e d  assuming s o l i d  c y l i n d e r i c a l  water and 
gas passages w i t h  the  same f l o w  areas o f  t h e  ac tua l  
water and gas passages: 

A hea t - t rans fe r  c o r r e l a t i o n  was added f o r  t h e  

0.666 1 C*k 0.0668( Dh/L)RePr 

Dh 1 + 0.04( ( Dh/L)RePr) 

2 2  where C = 144 i n .  / f t  o r  10 000 cm2/m2 and 

A f t e r  t h e  thermal res i s tances  a re  ca l cu la ted ,  t h e  
temperature o f  t h e  c o o l e r  w a l l  on t h e  gas s i d e  i s  
c a l c u l a t e d  us ing  t h e  equat ions 

T = T  w H20 + QoutWC(Ral + RH20) 

where C = 1.0725x1(r4 B t u / i c . - l b f  o r  0.01 m/cm and 

Tw = 0.5T W + 0-5Two1d 

A c o r r e c t i o n  was made t o  t h e  code concern ing 
The p rev ious  t h e  l eak  p a t h  f o r  t h e  power p i s ton .  

leakage model assumed t h a t  t h e  major l eak  pa th  f o r  
t he  p i s t o n  was f rom t h e  c e n t e r i n g  p o r t  on t h e  
p i s t o n  t o  t h e  buf fer  space through t h e  annular 
c learance between t h e  p i s t o n  and t h e  c y l i n d e r  as 
shown i n  F i g .  3. The new leakage model s imulates 
the  l eak  p a t h  between t h e  c e n t e r i n g  p o r t  on t h e  

3 



p i s t o n  and t h e  center ing p o r t  on t h e  p i s t o n  c y l i n -  
der. The new leak  path, as shown i n  F ig .  3, i s  
much s h o r t e r  than t h e  o ld  path. 

A d i s p l a c e r  appendix gap gas en tha lpy  t rans -  
f e r  ( o r  pumping l o s s )  equation has been added t o  
t h e  f ree -p i s ton  code. The term appendix gap 
r e f e r s  t o  t h e  small  clearance space between t h e  
d i s p l a c e r  and t h e  d i sp lace r  c y l i n d e r .  
appendix gap l o s s  i s  now c a l c u l a t e d  by adding t h e  
ne t  gas enthalpy l o s s  t o  t h e  s h u t t l e  loss. The 
s h u t t l e  l o s s  i s  a conduction l o s s  enhanced by t h e  
d i s p l a c e r ' s  o s c i l l a t o r y  mot ion and t h e  r a d i a t i o n  
heat  t r a n s f e r  between the d i s p l a c e r  and c y l i n d e r  
wal ls ;  t h e  n e t  gas enthalpy l o s s  i s  t h e  heat 
t r a n s f e r  down t h e  gap by v i r t u e  o f  t h e  working 
gas motion, pressure, and temperature. Th is  i s  
i l l u s t r a t e d  i n  F ig .  4. The equation used f o r  c a l -  
c u l a t i n g  t h e  ne t  gas enthalpy t r a n s f e r  was taken 
from Ref. 7 and i s  as fo l l ows :  

The n e t  

The maximum temperature o f  t he  gas e n t e r i n g  t h e  
appendix gap Th was assumed t o  be a t  t h e  
c y l i n d e r  h o t  end metal temperature w h i l e  t h e  min- 
imum temperature T i  was assumed t o  be a t  t h e  
c y l i n d e r  c o l d  end temperature. 
neg lec ts  t h e  hys te res i s  l o s s  t h a t  occurs i n  t h e  
appendix gap. I n  compensation, t h e  su r face  area 
o f  t h e  d i s p l a c e r  cy l i nde r  i n  t h e  appendix gap was 
inc luded  i n  t h e  expansion space sur face area f o r  
hea t - t rans fe r  ca l cu la t i on .  

Th is  equat ion 

The working space model c o n s i s t s  o f  t h e  swept 
volumes i n  t h e  expansion and compression spaces, 
t h r e e  heat  exchangers (heater, regenerator ,  and 
c o o l e r ) ,  and f o u r  connecting ducts. The heater, 
regenerator, and cooler  a r e  connected i n  s e r i e s  
v i a  connect ing ducts  between t h e  two swept volumes. 
The working space i s  d iv ided i n t o  a number o f  con- 
t r o l  volumes f o r  analys is  o f  f l u i d  f l o w  and heat  
t r a n s f e r .  Prev ious ly ,  t h e  connecting duct  volumes 
were lumped w i t h  adjacent heat exchangers o r  swept 
volumes. 
each connecting duc t  i n t o  two c o n t r o l  volumes. The 
two c o n t r o l  volume representat ion f o r  t h e  RE-1000 
e l im ina ted  t h e  need t o  compute e f f e c t i v e  f l o w  areas 
f o r  those connect ing ducts whose f l o w  areas are 
nonuniform. The connecting duc t  model assumes 
ad iaba t i c  cond i t i ons .  

An o p t i o n  has been added t o  separate 

The regenerator  heat- t ransfer  and f r i c t i o n -  
f a c t o r  c o r r e l a t i o n s  were rev i sed .  E a r l i e r  co r re -  
l a t i o n s  were f o r  w i r e  screen regenerators .  
new c o r r e l a t i o n s  a re  f o r  Metex, k n i t t e d - w i r  
regenerators .  The heat- t ransfer  c o r r e l a t i o n  and 
t h e  f r i c t i o n - f a c t o r  c o r r e l a t i o n 3  were based on 
experimental steady-state f l o w  data. The c o r r e l -  
a t i o n s  are 

The 
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The l a s t  m o d i f i c a t i o n  made t o  t h e  code was on 
t h e  d i s p l a c e r  gas s p r i n g  model. 
added t o  r u n  t h e  code w i t h  t h e  d i s p l a c e r  gas 
s p r i n g  represented w i t h  e i t h e r  a c o n t r o l  volume o r  
a s p r i n g  constant  and damping f a c t o r .  
o n l y  t h e  c o n t r o l  volume rep resen ta t i on  was used. 
Great d i f f i c u l t y  was experienced i n  matching t h e  
p r e d i c t e d  p i s ton -d i sp lace r  phase angle w i t h  t h e  
experimental da ta  us ing  t h e  c o n t r o l  volume gas 
s p r i n g  rep resen ta t i on .  T h i s  d i f f i c u l t y  seems t o  
i n d i c a t e  t h a t  t h e  d i s p l a c e r  gas s p r i n g  model i s  
inadequate. Th is  inadequacy might  be due t o  t h e  
improper modeling o f  t h e  gas s p r i n g  h y s t e r e s i s  
l o s s  (no phase l a g  between heat t r a n s f e r  and AT 
i s  accounted f o r ) .  
damping f a c t o r  o p t i o n  was chosen f o r  t h e  compar- 
isons made i n  t h i s  r e p o r t .  The s p r i n g  constant  
and damping f a c t o r  f o r  t h e  d i s p l a c e r  gas s p r i i i g  
are now c a l c u l a t e d  by t h e  code d u r i n g  t h e  con- 
s t r a i n e d  mode o f  ope ra t i on  and a re  then  used as 
i n p u t s  f o r  t h e  unconstrained mode. The s p r i n g  
constant  i s  used i n  t h e  c a l c u l a t i o n  o f  t h e  i ns tan -  
taneous pressure o f  t h e  gas spr ing:  

An o p t i o n  was 

Prev ious l y  

Therefore, t h e  s p r i n g  cons tan t /  

Kd s 
A d r  

Pd = PB + -  x 

The average pressure i n  t h e  d i s p l a c e r  gas s p r i n g  
i s  assumed t o  be equal t o  t h e  average pressure i n  
t h e  bounce space. Th is  assumption seemed reason- 
ab le s ince  t h e  d i s p l a c e r  gas s p r i n g  volume and 
t h e  bounce space volume are i n  d i r e c t  communica- 
t i o n  every t ime  t h e  cen te r ing  p o r t s  open. 
i n g  f a c t o r  i s  used i n  t h e  c a l c u l a t i o n  o f  t h e  n e t  
f o r c e  a c t i n g  on t h e  d i sp lace r :  

A damp- 

F - ( P  - PC)Ad + (Pc - PD)Adr + FB - C A d -  E ds d 

C a l i b r a t i o n  Procedure 

The f ree -p i s ton  code can s imu la te  t h r e e  d i f -  
(1 )  cons t ra ined  mode, f e r e n t  modes o f  operat ion:  

( 2 )  semiconstrained mode, and ( 3 )  unconst ra ined 
mode. I n  t h e  const ra ined mode, t h e  motions o f  
bo th  t h e  p i s t o n  and d i s p l a c e r  are spec i f i ed .  
mode o f  ope ra t i on  i s  use fu l  i n  c a l i b r a t i n g  t h e  
engine thermodynamics. I n  t h e  semiconstrained 
mode, t h e  mot ion o f  t h e  p i s t o n  i s  s p e c i f i e d  w h i l e  
t h e  d i s p l a c e r  mot ion i s  ca l cu la ted .  Th is  mode o f  
ope ra t i on  i s  use fu l  i n  c a l i b r a t i n g  t h e  d i s p l a c e r  
dynamics. I n  t h e  unconstrained mode, t h e  motions 
o f  bo th  t h e  p i s t o n  and t h e  d i s p l a c e r  are ca lcu-  
l a ted .  T h i s  mode o f  ope ra t i on  i s  u s e f u l  i n  c a l i -  
b r a t i n g  t h e  p i s t o n  dynamics. 

C a l i b r a t i o n  Parameters 

T h i s  

The f ree -p i s ton  S t i r l i n g  engine code had t o  
be c a l i b r a t e d  f o r  t h e  RE-1000 engine be fo re  com- 
pa r i sons  between p r e d i c t e d  and experimental engine 
performance cou ld  be made. 
by  a d j u s t i n g  n i n e  model parameters which a re  d i f -  
f i c u l t  t o  s p e c i f y  accu ra te l y  f rom geometr ica l  
data. 

The code was c a l i b r a t e d  

These n i n e  parameters are as f o l l o w s :  

FMULT 
RHCFAC 

FHEXP 

F HCOMP 
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pressure drop m u l t i p l i c a t i o n  f a c t o r  
regenerator  hea t - t rans fe r  m u l t i p l i c a t i o n  
f a c t o r  
expansion space c y l i n d e r  hea t - t rans fe r  
m u l t i p l i c a t i o n  f a c t o r  
compression space c y l i n d e r  hea t - t rans fe r  
m u l t i p l i c a t i o n  f a c t o r  



CPTDO 
FDBLK d i s p l a c e r  leakage m u l t i p l i c a t i o n  f a c t o r  
CPTPO 
FLEAK p i s t o n  leakage m u l t i p l i c a t i o n  f a c t o r  
CVELD dashpot l oad  c o e f f i c i e n t  

Note t h a t  some o f  t h e  parameters a r e  l abe led  f a c t o r  
w h i l e  o t h e r  parameters a r e  l abe led  c o e f f i c i e n t .  
The c a l i b r a t i o n  parameter l i s t  con ta ins  two d i f -  
f e r e n t  subsets o f  parameters. 
r e f e r s  t o  t h e  subset o f  dimensionless c a l i b r a t i o n  
parameters w h i l e  t h e  te rm c o e f f i c i e n t  r e f e r s  t o  
t h e  subset of c a l i b r a t i o n  parameters t h a t  have 
p h y s i c a l  p r o p e r t i e s .  C a l i b r a t i o n  parameters are 
de f i ned  as t h e  s e t  o f  m u l t i p l i c a t i o n  f a c t o r s  and 
c o e f f i c i e n t s  r e q u i r e d  t o  a d j u s t  p r e d i c t e d  pressure 
drops, heat  t r a n s f e r ,  and gas f l o w  ra tes .  

The pressure drop m u l t i p l i c a t i o n  f a c t o r  
(FMULT) i s  app l i ed  t o  t h e  pressure drops ca l cu la -  
t e d  i n  t h e  coo le r ,  regenerator, and heater. The 
f r i c t i o n  f a c t o r  c o r r e l a t i o n s  assume steady f l o w  
cond i t i ons .  
f l o w  c o n d i t i o n  i n  t h e  S t i r l i n g  engine, i s  c u r r e n t l y  
p o o r l y  understood; thus, e f f e c t s  o f  o s c i l l a t i n g  
f low are n o t  i nc luded  i n  t h e  f r i c t i o n - f a c t o r  ( o r  
hea t - t rans f  e r )  c o r r e l a t i o n s .  

i s  a p p l i e d  t o  t h e  regenerator  heat- t ransfer  coef- 
f i c i e n t .  The regenerator  hea t - t rans fe r  c o r r e l a -  
t i o n  a l s o  assumes steady f l o w  condi t ions.  RHCFAC 
was added t o  t h e  code when t h e  stacked w i r e  screen 
hea t - t rans fe r  c o r r e l a t i o n  was being used t o  model 
t h e  regenerator .  
c o r r e l a t i o n  f o r  Metex regenerators, RHCFAC i s  
probably  o f  l e s s  importance. 

hea t - t rans fe r  f a c t o r s  (FHEXP and FHCOMP) a re  
app l i ed  t o  t h e i r  respec t i ve  hea t - t rans fe r  c o e f f i c -  
i e n t s .  M o d i f i c a t i o n s  o f  these f a c t o r s  a d j u s t  t h e  
c y l i n d e r  h y s t e r e s i s  ( o r  c y c l i c )  losses. There i s  
a t r a n s i e n t  hea t - t rans fe r  process between t h e  work- 
i n g  space gas and t h e  c y l i n d e r  w a l l  as t h e  gas 
temperature i s  lowered and r a i s e d  d u r i n g  t h e  
expansion and compression process. The net  heat 
f l o w  across t h i s  a l t e r n a t i n g  temperature d i f f e r -  
ence g i v e s  r i s e  t o  an i r r e v e r s i b l e  l o s s  known as 
t h e  h y s t e r e s i s  loss.  

The c e n t e r i n g  p o r t  f l o w  c o e f f i c i e n t s  (CPTDO 
and CPTPO) are used t o  r e g u l a t e  t h e  amount o f  
c e n t e r i n g  p o r t  f low.  They a re  used when t h e  cen- 
t e r i n g  p o r t s  a re  e i t h e r  complete ly  o r  p a r t i a l l y  
open. The purpose o f  t h e  cen te r ing  p o r t s  i s  t o  
i n s u r e  t h a t  t h e  midpoints  o f  t h e  s t rokes  o f  t h e  
d i s p l a c e r  and p i s t o n  s t a y  a t  some f i x e d  l o c a t i o n  
i n  t h e  engine. The cen te r ing  p o r t s  are requi red 
s ince  t h e  leakage pas t  most o f  t h e  seals  i n  the  
engine i s  n o t  symmetrical. I n  t h e  c o n f i g u r a t i o n  
o f  t h e  RE-1000, t h e  d i s p l a c e r  w i l l  d r i f t  toward 
t h e  compression space w h i l e  t h e  power p i s t o n  w i l l  
g e n e r a l l y  tend t o  d r i f t  i n t o  t h e  working space. 

The leakage f a c t o r s  (FDBLK and FLEAK) a r e  
used t o  c o n t r o l  t h e  d i s p l a c e r  and p i s t o n  leakages. 
They are used whenever t h e  c e n t e r i n g  p o r t s  a r e  
closed. Several leak paths e x i s t  f o r  bo th  t h e  
d i s p l a c e r  and p i s ton .  
r e n t l y  s imulates t h e  major l eak  paths. For the 
d i sp lace r ,  leakage occurs between t h e  d i s p l a c e r  
gas s p r i n g  and t h e  bounce space. 
p a t h  i s  t h e  one between t h e  cen te r ing  p o r t  o f  the 

d i s p l a c e r  cen te r ing  p o r t  f l o w  c o e f f i c i e n t  

p i s t o n  c e n t e r i n g  p o r t  f l o w  c o e f f i c i e n t  

The te rm f a c t o r  

O s c i l l a t i n g  f low,  which i s  t h e  actual 

The regenera to r  heat- t ransfer  f a c t o r  (RHCFAC) 

Now t h a t  t h e  code con ta ins  a 

The expansion and compression space cy l i nde r  

The f ree -p i s ton  code cur- 

The major leak 

d i s p l a c e r  bore t o  t h e  cen te r ing  p o r t  i n  t h e  d i s -  
p l a c e r  rod. For  t h e  p i s ton ,  leakage occurs between 
t h e  compression space and t h e  bounce space. The 
major  l eak  pa th  i n  t h i s  case i s  t h e  one between 
t h e  c e n t e r i n g  p o r t  i n  t h e  p i s t o n  t o  t h e  c e n t e r i n g  
p o r t  i n  t h e  c y l i n d e r  w a l l .  

The dashpot load c o e f f i c i e n t  (CV2LD) i s  used 
t o  v a r y  t h e  p i s t o n  stroke. T y p i c a l l y ,  CV2LD i s  
v a r i e d  u n t i l  t h e  code p r e d i c t s  t h e  des i red  p i s t o n  
s t roke.  

I n i t i a l l y ,  a l l  o f  t he  c a l i b r a t i o n  parameters 
are s e t  a t  t h e i r  nominal values. Running t h e  code 
w i t h  t h e  nominal c a l i b r a t i o n  parameters represents  
a code w i t h o u t  engine-speci f ic  f a c t o r s .  
nominal values a r e  

The 

FMULT = 1.0 
RHCFAC = 1.0 
FHEXP = 1.0 
FHCOMP = 1.0 

FDBLK = 1.0 

FLEAK = 1.0 - - 

CPTDO = ~ . O X O - ~  lb,/s fi 
CPTPO = ~ . O X ~ O - ~  lb,/s 

CV2LD = 2 . 2 5 ~ 1 0 - ~  l b f - sz / i n .  ( a t  engine des ign 

The nominal va lue f o r  t h e  l oad  c o e f f i c i e n t  CV2LD 
i s  c a l c u l a t e d  us ing  t h e  equat ion 

c o n d i t i o n s )  

PcaA s i n  e 
CV2LD = - 3211 W2x 2 

P 

T h i s  equat ion g i v e s  t h e  va lue o f  t h e  v e l o c i t y -  
squared load  c o e f f i c i e n t  requ i red  t o  produce a 
s inuso ida l  p i s t o n  mot ion w i t h  frequency w and 
ampli tude Xp when t h e  compression space pres- 
su re  wave i s  s inuso ida l  w i t h  ampli tude Pca 
and phase e r e l a t i v e  t o  t h e  p i s t o n  motion. 

Constrained Mode C a l i b r a t i o n  

The experimental case se lec ted  f o r  t h e  i n i -  
t i a l  s tep  o f  t h e  code c a l i b r a t i o n  was r u  1010 o f  
t h e  Lewis RE-1000 s e n s i t i v i t y  t e s t  data.' T h i s  
experimental d a t a  p o i n t  was taken wi th t h e  engine 
opera t i ng  a t  i t s  des ign condi t ions.  The opera t i ng  
c o n d i t i o n s  were as fo l l ows :  
heater-tube outs ide-wal l  temperature, 600 C; 
cool ing-water  i n l e t  temperature, 25 C; mean 
working-space pressure, 7.0 MPa (1015 p s i ) ;  work- 
i n g  f l u i d ,  helium. The c a l i b r a t i o n  process began 
w i t h  t h e  model ope ra t i ng  i n  t h e  cons t ra ined  mode. 
The cons t ra ined  mode was used t o  c a l i b r a t e  t h e  
code f o r  t h e  RE-1000's thermodynamics. I n  t h i s  
mode o f  ope ra t i on  t h e  motions o f  t h e  p i s t o n  and 
d i s p l a c e r  a re  s p e c i f i e d  as F o u r i e r  ser ies.  Only 
t h e  fundamental terms ( f i r s t  harmonics) o f  t h e  
measured motions were used as inputs .  
tudes o f  t h e  h ighe r  o rde r  terms were found t o  be 
r e l a t i v e l y  small  compared w i t h  t h e  ampli tudes o f  
t h e  fundamental terms which i n d i c a t e s  t h a t  t h e  
p i s t o n  and d i s p l a c e r  motions were almost s inu-  
s o i d a l .  As a r e s u l t ,  t h e  d i f f e r e n c e  between t h e  
code p r e d i c t i o n s  us ing o n l y  t h e  fundamental terms 
o f  t h e  F o u r i e r  s e r i e s  and t h e  code p r e d i c t i o n s  
us ing  t h e  f i r s t  t h r e e  terms o f  t h e  F o u r i e r  s e r i e s  
i s  i n s i g n i f i c a n t  (Figs. 5 and 6) .  T h i s  was found 
t o  be t r u e  f o r  t h e  RE-1000 w i t h  t h e  dashpot l oad  
b u t  may n o t  be t r u e  f o r  a d i f f e r e n t  t y p e  o f  l oad  
(i.e., a h y d r a u l i c  pump load) .  The i n p u t s  f o r  t h e  

p i s t o n  s t roked 2.60 cm; 

The ampli- 
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piston and displacer in the form of Fourier series 
were as follows (amplitudes are in centimeters): 

x = -0.003 + 1.300 sin wt 

x 

P 

d -  - 0.470 + 1.170 sin(d + 57.5") 

The factors FHCOMP, FHEXP, FMULT, and RHCFAC 
were available for adjustment in the constrained 
mode. These parameters were chosen since they all 
directly affect the engine's thermodynamics. 
and FHEXP were adjusted to obtain the correct com- 
pression space pressure wave amplitude and phase 
angle. FMULT was adjusted until good agreement 
was reached between predicted and measured pres- 
sure drop amplitudes across the cooler, regener- 
ator, and displacer. The experimental pressure 
drop amplitude measurements were fairly accurate 
as indicated by Schreiber et al.3 A great amount 
of work was done on the measurement techniques to 
insure accuracy. RHCFAC was left at its nominal 
value since the predicted indicated efficiency was 
already within the experimental error band. Once 
good agreement was reached between measured and 
predicted pressure drops, pressure amplitudes, and 
phase angles, the estimated cylinder wall tempera- 
tures were varied until good agreement was reached 
between the measured and predicted expansion and 
compression space gas temperatures. 

The displacer spring constant and damping 
factor required to achieve the correct displacer 
motion were then calculated by the code from a 
phasor diagram (Fig. 7) for use in the uric- 
strained mode f operation. The vectors PC&r 
and 1-i were calculated by Fourier 
analysis of the simulated pressure dro 

obtained from the cfferentiation o f  the displacer 
amplitude vector 
required to produce the simulated displacer dynam- 
ics can be calculated from the following vector 
operation : 

Fs =a- [PCAdr + (Pc - p~)Ad] 

The vector can then be resolved into the 
damping and spring components so that 

FHCOMP 

and com- 
pression space pressure. The vector ei;, Md d was 

xd. The gas spring force 

+ - -  
+ - FS =a+ KdsXd 

The value of the displacer spring constant as 
calculated by the code was checked against the 
adiabatic spring constant as calculated using the 
equation 

This was done to insure that the spring constants 
calculated by the code were realistic in that they 
cannot be greater than their adiabatic limits. 

Semiconstrained Mode Cali bration 

In this mode of operation, the motion of the 
piston is specified (constrained) while the dis- 
placer motion is calculated (unconstrained). 
mode of operation aids in the calibration of the 
displacer dynamics when a control volume repre- 
sentation is used for the displacer gas spring 
model. 

This 

But since a spring constant/damping factor 

representation was used, the semiconstrained mode 
of operation was not necessary for the calibration 
process documented in this report. 

Unconstrained Mode Cali bration 

In the unconstrained mode of operation, the 
motions of the piston and displacer are calculated. 
CV2LD, FLEAK, and CPTPO are available for adjusting. 
These parameters are primarily used to adjust the 
piston dynamics. The parameters FDBLK and CPTDO, 
which are used to adjust the displacer dynamics, 
were left equal to their nominal values since the 
spring constant/damping factor representation was 
being used for the displacer gas spring. 
was adjusted until the predicted and measured 
piston strokes matched. 

If the predicted and measured displacer 
strokes did not match, the factor FMULT (which 
was previously adjusted in the constrained cali- 
bration) had to be readjusted. Changing the value 
of FMULT changes the constrained calibration which 
means that the calibration process must be 
repeated. 

unconstrained modes were required to complete the 
calibration for the design point, run 1010. 
Table 1 compares the experimental data for the 
design point to the final predicted performance 
parameters for both the constrained and uncon- 
strained simulations. A flow chart summarizing 
the calibration process is shown in Fig. 8. 

design point, predictions were made for off-design 
conditions and were compared with experimental 
data. Each off-design point had only one of the 
operating conditions varied from the design con- 
ditions. The experimental runs used for the off- 
design conditions were as follows: (1) run 1006 
(piston stroke, 1.80 cm), (2) run 1012 (piston 
stroke, 3.00 cm), (3) run 1030 (heater-tube 
outside-wall temperature, 450 "C), (4) run 1079 
(mean working-space pressure, 4.0 MPa), and (5) 
run 1200 (cooling-water inlet temperature, 55 C). 
These runs represented the extremes of the operat- 
ing conditions. 
then adjusted to improve the agreement over the 
entire range of operating conditions. 
calibration effort concerned the reference case 
or design point. 
made for the five off-design points to improve 
the overall agreement. 

CV2LD 

Several iterations between constrained and 

After the calibration was completed for the 

The calibration parameters were 

The major 

Minor adjustments were then 

Results and Discussion 

Final Set of Calibration Factors 

The free-piston Stirling engine code was 
calibrated against a matrix of six experimental 
data points which represented the design point 
and off design points (extremes) of engine operat- 
ing conditions. The set of calibration param- 
eters which resulted in the best agreement between 
the predicted and measured data over the entire 
matrix of calibration runs was: 

FMULT = 1.2 
"RHCFAC = 1.0 
FHEXP = 230.0 
FHCOMP = 50.0 
*CPTDO = ~ . O X ~ O - ~  lbm/s fi 
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"FOBLK = 1.0 . - 
*CPTPO = ~ . O X ~ O - ~  lbm/S fps i  

FLEAK = 1.2 
CV2LD = 2 . 2 4 ~ 1 0 - ~  l b f - s2 / i n .  (Value o f  

CV2LD f o r  r u n  1010 o n l y )  

where * i n d i c a t e s  f a c t o r s  and c o e f f i c i e n t s  s t i l l  
a t  t h e i r  nominal values. 

Most o f  t h e  f i n a l  c a l i b r a t i o n  f a c t o r s  and 
c o e f f i c i e n t s  were very c l o s e  t o  t h e  nominal ones. 
Although t h e  f i n a l  values o f  FHEXP and FHCOMP appear 
q u i t e  large,  when they  are compared w i t h  t h e  values 
r e q u i r e d  t o  i so the rma l i ze  t h e  c y l i n d e r ,  t h e  f i n a l  
values a r e  r e l a t i v e l y  low. 
expansion and compression space gas temperature 
ranges p l o t t e d  as a f u n c t i o n  o f  t h e  c a l i b r a t i o n  
f a c t o r s  FHEXP and FHCOMP. Fo r  nonisothermal 
cy l i nde rs ,  t h e r e  i s  a l a r g e  c y c l i c  gas temperature 
v a r i a t i o n  i n  t h e  expansion and compression spaces. 
The gas temperature range i n d i c a t e d  i n  Fig. 9 i s  
equal t o  t w i c e  t h e  ampli tude o f  t h i s  c y c l i c  v a r i -  
a t i on .  Therefore, a zero range i n d i c a t e s  n e a r l y  
isothermal  cond i t i ons .  Both FHEXP and FHCOMP were 
v a r i e d  s imul taneously  over  a wide range o f  values. 
The va lue  o f  FHEXP r e q u i r e d  t o  i so the rma l i ze  the 
expansion space was found t o  be -20 000 w h i l e  the 
va lue  o f  FHCOMP requ i red  t o  i so the rma l i ze  t h e  com- 
p ress ion  space was found t o  be -100 000. One pos- 
s i b l e  reason f o r  t h e  b i g  d i f f e r e n c e  between these 
two values i s  t h a t  i n  t h e  RE-1000 t h e  average sur- 
f a c e  area f o r  heat  t r a n s f e r  i n  t h e  expansion space 
and t h e  d i s p l a c e r  appendix gap i s  almost f o u r  
t imes  l a r g e r  than  t h e  average sur face area f o r  
heat  t r a n s f e r  i n  t h e  compression space. It should 
be noted t h a t  f o r  t h e  c a l i b r a t i o n  values o f  FHEXP 
and FHCOMP selected, t h e  average h e a t - t r a n s f e r  
c o e f f i c i e n t  p r e d i c t e d  i n  t h e  expansion and compres- 
s i o n  spa e o a t  engine design cond i t i ons  was 7.6 and 
6.8 W/cn?- C, r espec t i ve l y .  For  t h e  isotherm 1 
case, t hese  va lues would be 527 and 1300 Wlcmg-'C, 
r e s p e c t i v e l y .  

A d d i t i o n a l  Runs 

F i g u r e  9 shows t h e  

Four  a d d i t i o n a l  data po ints ,  runs 1017, 1024, 
1070, and 1121, were used s i n te rmed ia te  p o i n t s  
f o r  t h e  f i n a l  comparisons.g Runs 1017 and 1024 
wereo fo r  mean heater-tube temperatures o f  550 and 
500 C w i th  t h e  design opera t i ng  c o n d i t i o n s  o f  
p i s t o n  s t r o k e  of 2.60 cm, cool ing-water i n l e t  tem- 
pe ra tu re  o f  25 C, and mean working-space p r e s s r e  
o f  7.0 MPa. Experimental r u n  1070 was f o r  an 
i n te rmed ia te  mean pressure o f  5.5 MPa w h i l e  r u n  
1121 was f o r  an i n te rmed ia te  cool ing-water i n l e t  
temperature o f  40 'C w i t h  t h e  o t h e r  ope ra t i ng  
c o n d i t i o n s  a t  t h e i r  design values. 

Comparison o f  Engine Dynamics and Thermodynamics 

The f i n a l  s e t  o f  c a l i b r a t i o n  parameters was 
used t o  make comparisons o f  p r e d i c t e d  p i s t o n  and 
d i s p l a c e r  strokes, phase angles, and frequency; 
gas pressure amplitude; and qas temperatures i n  
t h e  expansion and compression spaces against  
measured data. Comparisons o f  p r e d i c t e d  and 
measured da ta  a re  shown as a f u n c t i o n  o f  p i s t o n  
s t r o k e  i n  F igs.  10 through 16. The p i s t o n  s t roke 
o f  t h e  engine was adjusted by va ry ing  t h e  engine 
load; t h e  p i s t o n  s t r o k e  i n  t h e  s i m u l a t i o n  was 
adjusted by  va ry ing  t h e  dashpot l oad  c o e f f i c i e n t  
(CVELD). 
of p i s t o n  s t rokes  w i t h  t h e  heater-tube temperature, 
cool ing-water  i n l e t  temperature, and mean working 

The comparisons a re  shown f o r  a range 

space pressure s e t  a t  t h e i r  des ign values. 
bands have been p laced on t h e  experimental data. 
The e r r o r  bands i n d i c a t e  t h e  measurem n t  e r r o r  
assoc iated w i t h  each reading o f  data.? The 
u l t i m a t e  goal o f  t h e  c a l i b r a t i o n  process was f o r  
t h e  code p r e d i c t i o n s  t o  f a l l  w i t h i n  t h e  e r r o r  
bands. 

E r r o r  

F i g u r e  10  shows t h e  p r e d i c t i o n s  o f  t h e  p i s t o n  
and d i s p l a c e r  s t rokes  t o  be i n  good agreement ove r  
most o f  t h e  t e s t e d  load range. 
t h e  p r e d i c t e d  p i s ton -d i sp lace r  ehase angle w i t h i n  
t h e  experimental e r r o r  band ('1 ) over  t h e  e n t i r e  
l oad  range. 
t o  t h e  use o f  t h e  s p r i n g  constant/damping f a c t o r  
rep resen ta t i on  o f  t h e  d i s p l a c e r  gas spr ing.  I t  
should be noted t h a t  t h e  ac tua l  p i s ton -d i sp lace r  
phase angle a t  t h e  engine des ign c o n d i t i 2 n s  was 
h ighe r  than  t h e  des ign phase angle o f  45 . T h i s  
d i f f e r e n c e  was probably  due t o  a s l i g h t l y  h i g h e r  
d i s p l a c e r  damping f o r c e  than  assumed d u r i n g  t h e  
des ign process. A phasor diagram o f  t h e  f o r c e s  
a c t i n g  on t h e  d i s p l a c e r  was h e l p f u l  i n  reaching 
t h i s  conc lus ion  (F ig .  7). The magnitude o f  t h e  
d i s p l a c e r  damping f o r c e  i s  d i f f i c u l t  t o  p r e d i c t .  
The phasor diagram shows t h a t  t h e  d i s p l a c e r  damp- 
i n g  f o r c e  has a d i r e c t  a f f e c t  on t h e  p i s t o n -  
d i s p l a c e r  phase angle. 
p r e d i c t e d  p is ton-pressure phase angle f a l l s  w i t h i n  
t h e  experimental d a t a ' s  e r r o r  band ( * l o )  over  most 
o f  t h e  t e s t e d  l oad  range. 
between t h e  p r e d i c t e d  and measured phase angle i s  
a r e s u l t  o f  increased c y l i n d e r  heat t r a n s f e r  by 
means o f  t h e  c a l i b r a t i o n  f a c t o r s  FHEXP and FHCOMP. 
These two f a c t o r s  a l so  had a p o s i t i v e  e f f e c t  on 
t h e  compression-space pressure amplitude. The 
compression-space pressure ampli tude has always 
been ove rp red ic ted  i n  t h e  past. I nc reas ing  t h e  
c y l i n d e r  heat  t r a n s f e r  brought t h e  p r e d i c t e d  
ampl i tude w i t h i n  t h e  e r r o r  band (*20 kPa) o f  t h e  
exper imenta l  data. 
d i c t e d  engine frequency increases s l i g h t l y  w i t h  
s t r o k e  w h i l e  t h e  measured frequency i s  almost 
constant. F igu res  14 and 15 show t h e  expansion 
and compression space gas temperatures compared 
w i t h  t h e  experimental data. The good agreement 
shown f o r  t h e  expansion space can be a t t r i b u t e d  
t o  t h e  b e t t e r  est imates o f  t h e  c y l i n d e r - w a l l  tem- 
peratures.  The good agreement shown f o r  t h e  com- 
p ress ion  space i s  a r e s u l t  o f  t h e  new c o o l e r  model 
and t h e  b e t t e r  est imates o f  t h e  c y l i n d e r - w a l l  tem- 
peratures.  F i g u r e  16 shows t h e  p r e d i c t e d  
compression-space pressure ampl i tude t o  f a l l  
w i t h i n  t h e  experimental d a t a ' s  e r r o r  band (*20 kPa) 
over  most o f  t h e  t e s t e d  l oad  range. 

F i g u r e  11 shows 

Th is  good agreement can be a t t r i b u t e d  

F i g u r e  12 shows t h e  

The good agreement 

F i g u r e  13 shows t h a t  t h e  pre- 

Comparison o f  Power and E f f i c i e n c y  

F igu res  17 t o  24 show comparisons f o r  power 
and e f f i c i e n c y  between t h e  engine t e s t  da ta  and 
t h e  code p red ic t i ons .  These comparisons were made 
f o r  va ry ing  p i s t o n  s t roke,  mean working-space 
pressure, mean heater-tube temperature, and coo l i ng -  
water  i n l e t  temperature. F i q u r e  17 shows t h e  pre- 
d i c t e d  power t o  f a l l  w i th in  t h e  exper imenta l  e r r o r  
band (*40 W) over  most o f  t h e  range o f  p i s t o n  
strokes. F i g u r e  18  shows t h e  p r e d i c t e d  e f f i c i e n c y  
t o  f a l l  o u t s i d e  t h e  e r r o r  band (*1.3 percen t )  a t  
t h e  lower  p i s t o n  strokes. The experimental d a t a  
show a s i g n i f i c a n t  drop i n  t h e  engine e f f i c i e n c y  
a t  t h e  h i g h  p i s t o n  s t roke.  One p o s s i b l e  reason 
f o r  t h i s  might  be due t o  a h ighe r  hea t - t rans fe r  
l o s s  o u t  o f  t h e  expansion space a t  t h e  l a r g e r  
s t rokes.  As t h e  p i s t o n  s t r o k e  i s  increased, t h e  
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d i s p l a c e r  s t r o k e  i s  also increased. 
t h e  expansion-space gas t o  come i n t o  con tac t  w i t h  
a coo le r  p o r t i o n  of the c y l i n d e r  w a l l .  The model 
does n o t  s imulate t h e  drop i n  e f f i c i e n c y  because 
t h e  expansion-space w a l l  temperature i s  assumed t o  
be constant  over  i t s  e n t i r e  length.  Comparisons 
o f  measured and predic ted power and e f f i c i e n c y  a re  
shown as a f u n c t i o n  o f  mean working-space pressure 
i n  F igs.  19 and 20. The comparisons are shown f o r  
a range o f  mean pressures w i t h  t h e  p i s t o n  stroke, 
heater-tube outside-wall  temperature, and coo l i ng -  
water i n l e t  temperature s e t  a t  t h e i r  design values 
F igu re  19 shows t h e  predic ted power t o  be s l i g h t l y  
above t h e  experimental d a t a  over most o f  t h e  pres- 
sure range tested.  
e f f i c i e n c y  t o  f a l l  w i t h i n  t h e  experimental e r r o r  
band ( i1 .3  percent)  over t h e  e n t i r e  range o f  pres- 
sures t e s t e d  a l though the shapes o f  t h e  curves 
are s i g n i f i c a n t l y  d i f f e r e n t .  

T h i s  a l l ows  

Figure 20 shows t h e  p r e d i c t e d  

Comparisons o f  measured and p r e d i c t e d  power 
and e f f i c i e n c y  are shown as a f u n c t i o n  o f  mean 
heater-tube outside-wall  temperature i n  F igs.  21  
and 22. The mean heater-tube outs ide-wal l  temper- 
a t u r e  was exper imenta l ly  measured by t a k i n g  t h e  
average o f  twelve heater-tube temperatures; s i x  of 
which were measured a t  t h e  quar ter - length p o i n t  a t  
t h e  expansion space end o f  t he  heater  tube, w h i l e  
t h e  o the r  s i x  were measured a t  t h e  quar ter - length 
p o i n t  o f  t h e  hea te r  tube near t h e  regenerator  end 
o f  t h e  tube. For  these comparisons t h e  p i s t o n  
s t roke,  mean working-space pressure, and coo l i ng -  
water i n l e t  temperature remain a t  t h e i r  design 
values. F i g u r e  21 shows t h e  p r e d i c t e d  power t o  
f a l l  w i t h i n  t h e  experimental e r r o r  band (*40 W) 
over t h e  e n t i r e  range o f  heater-tube temperatures. 
F i g u r e  22 shows t h e  predic ted e f f i c i e n c y  t o  f a l l  
below t h e  experimental d a t a  over most o f  t h e  range 
o f  hea te r  t ube  temperatures although t h e  shapes 
o f  t h e  curves are s im i la r .  

Comparisons o f  measured and p r e d i c t e d  power 
and e f f i c i e n c y  are shown as a f u n c t i o n  o f  coo l i ng -  
water i n l e t  temperature i n  Figs. 23 and 24. For  
these comparisons t h e  p i s t o n  s t roke,  mean working- 
space pressure, and mean heater-tube outs ide-wal l  
temperature remain a t  t h e i r  design values. 
F i g u r e  23 shows t h e  predic ted power t o  f a l l  
s l i g h t l y  above t h e  experimental data over most o f  
t h e  range o f  cool ing-water i n l e t  temperatures. 
F igu re  24 shows t h e  predic ted e f f i c i e n c y  t o  f a l l  
w i t h i n  t h e  experimental e r r o r  band (*1.3 percent)  
over t h e  e n t i r e  range o f  cool ing-water  i n l e t  tem- 
peratures.  

Concluding Remarks 

Many mod i f i ca t i ons  have been made t o  t h e  NASA 
Lewis f r e e - p i s t o n  S t i r l i n g  engine code. 
recen t  improvements have had a p o s i t i v e  a f f e c t  on 
t h e  code p r e d i c t i o n s .  Fu r the r  development o f  t h e  
f r e e - p i s t o n  code should b r i n g  t h e  p r e d i c t e d  and 
measured data i n t o  even b e t t e r  agreement. 
u l t i m a t e  goal i s  t o  have a code t h a t  does n o t  
r e q u i r e  any engine-specif ic c a l i b r a t i o n  parameters. 
T h i s  would a l l o w  t h e  code t o  be used t o  model any 
f ree -p i s ton  S t i r l i n g  engine w i thou t  hav ing t o  go 
through t h e  c a l i b r a t i o n  process. More i m p o r t a n t l y  
t h e  code cou ld  be used i n  con junc t i on  w i t h  design 
codes t o  c o n f i d e n t l y  design f u t u r e  f r e e - p i s t o n  
S t i r l i n g  engines. 
and documented i n  t h i s  r e p o r t  i n d i c a t e  severa l  
areas t h a t  r e q u i r e  improvement: 

The 

The 

The r e s u l t s  o f  t h e  work done 

1. New hea t - t rans fe r  c o r r e l a t i o n s  a re  r e q u i r e d  
f o r  t h e  expansion and compression spaces. 
h e a t  t r a n s f e r  i s  n o t  w e l l  understood and t h e  
e f f e c t  appears t o  be s i g n i f i c a n t .  

c o r r e l a t i o n s  f o r  t h e  t h r e e  S t i r l i n g  c y c l e  hea t  
exchangers assume steady-state cond i t i ons .  The 
e f f e c t s  o f  o s c i l l a t i n g  f l o w  and pressure l e v e l  
need t o  be b e t t e r  understood. 

Th is  

2. The f r i c t i o n - f a c t o r  and hea t - t rans fe r  

3. The leakage and c e n t e r i n g  p o r t  f l o w  c a l -  
c u l a t i o n s  should be v e r i f i e d .  Cur ren t l y ,  no 
exper imenta l  da ta  o f  t h i s  t y p e  e x i s t  f o r  t h e  
v e r i f i c a t i o n .  

sp r ings  i n  terms o f  i r r e v e r s i b l e  hea t - t rans fe r  
( h y s t e r e s i s )  loss.  

o f  t h e  f r e e - p i s t o n  model f o r  t h e  RE-1000 engine 
w i t h  a h y d r a u l i c  ou tpu t  load. A sub rou t ine  f o r  
s i m u l a t i n g  t h e  h y d r a u l i c  l oad  has been added t o  
t h e  f r e e - p i s t o n  code. 
r o u t i n e  needs f u r t h e r  development. The RE-1000 
f r e e - p i s t o n  S t i r l i n g  engine h y d r a u l i c  output  
system i s  c u r r e n t l y  be ing debugged and read ied  
f o r  t e s t i n g  a t  NASA Lewis. 

a t  NASA Lewis w i t h  t h e  S t i r l i n g  engine k inemat ic  
code. 
engine-speci f ic  c a l i b r a t i o n  parameters a re  being 
compared t o  t e s t  da ta  f rom a v a r i e t y  o f  S t i r l i n g  
engines. RE-1000 t e s t  da ta  and p r e d i c t i o n s  o f  t h e  
f r e e - p i s t o n  code as descr ibed i n  t h i s  r e p o r t  b u t  
w i t h o u t  t h e  engine-speci f ic  c a l i b r a t i o n  parameters 
w i l l  be i n p u t  t o  t h i s  v a l i d a t i o n  e f f o r t .  

4. More i n f o r m a t i o n  i s  r e q u i r e d  on gas 

Cur ren t  p lans  are t o  cont inue t h e  v a l i d a t i o n  

The h y d r a u l i c  ou tpu t  sub- 

Other code v a l i d a t i o n  work i s  a l s o  proceeding 

The p r e d i c t i o n s  o f  t h i s  code w i t h  no 
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Run Frequency, Heat in, Heat out, Piston power 
descr ipt ion Hz kW kW 

Indicated PV, Phasor, 
kW kW 

Experiment 30.1 3.643 2.736 0.939 1.021 

Unconstrained 30.3 3.939 2.887 .969 .951 

Predicted : 
Constrained 30.1 3.921 3.036 .939 .944 

P A V cos 0 
Experimental indicated power = 2- 

Dash- Indicated Cycle Piston 
pot, eff iciency, energy energy 

er ro r  e r r o r  
kW percent balance balance 

0.866 25.8 0.88 -7.77 

.994 24.6 -2.12 2.58 
.974 23.9 1.38 3.73 

Predicted ind icated power i s  determined by in tegrat ing P-V diagram 

Phasor diagram power = n w P  A X s i n  e 
ca P P 

Indicated ower Indicated e f f i c iency  = Heat i: 
Indicated power + heat out  - 

Heat i n  Cycle energy balance er ro r  = 100 

r 1 
Dashpot power dissipat ion - 

Indicated power 1 Power p is ton  energy balance er ro r  = 100 
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